Aims/hypothesis We examined the time-dependent effects of deletion of the gene encoding protein kinase C epsilon (Prkce) on glucose homeostasis, insulin secretion and hepatic lipid metabolism in fat-fed mice.
Introduction
Type 2 diabetes results from the failure of the pancreatic beta cells to compensate for defective insulin action in peripheral tissues. Obesity is a major contributor to the development of both insulin resistance and beta cell dysfunction, although the underlying mechanisms are not fully understood. The protein kinase C (PKC) family of signalling enzymes has been associated with the generation of lipid-induced insulin resistance in peripheral tissues in many studies involving cultured cells, animal models and humans, and PKCε has been one of the isoforms most often implicated [1] . PKCε was shown to be chronically activated in skeletal muscle from fat-fed rats, and changes in its cellular distribution correlated with muscle lipid content [2] . PKCε translocation was also observed in muscles of glucose-infused rats [3] , obese Zucker rats [4] and the diabetes-prone sand rat, Psammomys obesus [5] . PKCε activation has also been reported in the liver of fat-fed rats [6] , while increased PKCε levels have been found in liver biopsies from obese people with type 2 diabetes [7] . Mechanisms proposed to account for the inhibitory effects of PKCε include serine/threonine phosphorylation of the insulin receptor or insulin receptor substrate 1 (IRS1) to inhibit insulin signal transduction [1] .
While these studies were correlative, a causative role for PKCε has been investigated more recently. Knockdown of Prkce prevented hepatic insulin resistance caused by a 3-day high-fat diet, and it was further demonstrated that PKCε could bind to the insulin receptor, inhibiting its tyrosine kinase activity [8] . In contrast, we recently showed that deletion of Prkce in mice fed a longer-term high-fat diet compensates for insulin resistance by augmenting insulin levels, due in part to increased insulin secretion by the pancreas and in part to diminished insulin clearance by the liver [9] . We therefore hypothesised that, in the context of lipid-induced insulin resistance, PKCε plays only an initial transient role. Here we show that the effects of Prkce deletion on glucose homeostasis are indeed dependent on the duration of dietary treatment. Unexpectedly, we also demonstrate that the absence of PKCε transiently promotes acute hepatic lipid accumulation in fat-fed mice.
Methods
Mice The generation and maintenance of wild-type (WT) and Prkce knockout mice was described previously [9] . Ethical approval for mouse studies was granted by the Garvan/St Vincent's Hospital Animal Ethics Committee. Mice at 6-8 weeks of age were fed either a standard chow diet (10.88 kJ/g; 8% fat, 21% protein and 71% carbohydrate; Gordon's Specialty Stock Feeds, Yanderra, NSW, Australia) or with a lard-based high-fat diet prepared in-house (19.67 kJ/g, 45% fat, 20% protein and 35% carbohydrate, based on rodent diet D12451; Research Diets, New Brunswick, NJ, USA) for up to 16 weeks. Mice were fasted for 6 h prior to i.p. glucose tolerance tests (ipGTTs), and blood glucose and insulin levels were determined as described previously [9] . An insulin resistance index was calculated from the product of glucose and insulin levels [10] .
Islet isolation and insulin secretion assays Islets were isolated as previously described [11] . After pancreatic digestion, islets were purified using a Ficoll-Paque (GE Healthcare, Chalfont St Giles, UK) gradient. For insulin secretion assays, islets were preincubated for 1 h in KrebsRinger buffer containing HEPES (KRBH), 0.1% (wt/vol.) BSA and 2 mmol/l glucose. Batches of five islets were incubated at 37°C for 1 h in 130 μl KRBH containing 0.1% (wt/vol.) BSA and 2 mmol/l glucose (basal), supplemented with glucose (final concentration 6.5, 11 or 20 mmol/l) or 25 mmol/l KCl, as indicated.
Oil Red O staining Livers from WT and Prkce −/− mice fed either chow or a high-fat diet for 1 week were fixed in 4% (wt/vol.) paraformaldehyde in PBS for 4 h, followed by overnight incubation in 30% (wt/vol.) sucrose. The tissue was embedded in OCT Tissue-Tek medium (Sakura Finetech USA, Torrance, CA, USA) and cut into 5 μm sections (CM3050 S; Leica). Staining was performed as described by Preece [12] . Image analysis was carried out with a DMRB2500 microscope (Leica).
Tissue and plasma lipid content Lipid extracts were obtained from 25 mg of liver or quadriceps muscle according to Folch et al. [13] and used for analysis of individual lipids. Triacylglycerol was measured with a colorimetric assay (Roche Diagnostics, Indianapolis, IN, USA). Cholesterol and cholesteryl ester were determined with a cholesterol assay kit (Calbiochem, San Diego, CA, USA). Diacylglycerol content was assessed by thin-layer chromatography (TLC), using a method adapted from Nakamura and Handa [14, 15] . NEFA were determined in plasma samples from 1 week chow or fat-fed WT and Prkce −/− mice using the NEFA C kit from Wako Diagnostics (Richmond, VA, USA).
Indirect calorimetry Oxygen consumption ( Á V O 2 ), carbon dioxide production ( Á V CO 2 ) and respiratory exchange ratio were determined simultaneously by indirect calorimetry (Oxymax, Columbus Instruments, Columbus, OH, USA) as described previously [16] . All values were normalised for lean body mass, determined by dual-energy X-ray absorptiometry (Lunar PIXImus2 mouse densitometer; GE Healthcare).
Mitochondrial respiration Mitochondria were isolated from liver as described by Bruce et al. [17] . Oxygen consumption was measured at 30°C with a Clark-type oxygen electrode (Strathkelvin Instruments, Motherwell, UK). For each assay, 0.5-0.8 mg mitochondria were used in the presence of either 5 mmol/l glutamate and 2.5 mmol/ l malate or 10 mmol/l succinate and 4 μmol/l rotenone as substrates, and state III respiration was initiated by the addition of 0.2 mmol/l ADP [16] .
[
14 C]Palmitate labelling of hepatocytes Hepatocytes from WT and Prkce −/− mice fat-fed for 1 week were isolated as described previously [18, 19] 
Results
Time-dependency of the effects of Prkce deletion To examine the early effects of Prkce deletion on glucose intolerance, we subjected Prkce −/− mice and WT littermates to a high-fat diet for 1 week. Fat-fed WT mice showed an impairment in glucose tolerance compared with chow-fed controls, whereas fat-fed Prkce −/− mice exhibited normal glucose tolerance (Fig. 1a) . Fat-fed Prkce −/− mice also had lower insulin levels than fat-fed WT mice during the ipGTT (Fig. 1b) , and thus a lower insulin resistance index (Fig. 1c ). This contrasts with our previous studies employing a high-fat diet for 16 weeks, in which we showed improved glucose tolerance associated with elevated insulin levels in fat-fed Prkce −/− mice [9] . To investigate this discordance further, we examined glucose tolerance at several intervals in WT and Prkce −/− mice fed a high-fat diet for up to 16 weeks. Prkce −/− mice maintained improved glucose tolerance over the entire study ( Fig. 2a- Fig. 1a ). However, plasma insulin levels during the ipGTT became significantly elevated in Prkce −/− mice compared with WT controls by 6 weeks of fat feeding ( Fig. 2d-f ), suggesting a loss in the maintenance of insulin sensitivity. This was supported by the change in insulin resistance index over 16 weeks of diet feeding (Fig. 3a) , which indicated that Prkce −/− mice were no longer protected against insulin resistance at 16 weeks. However, because glucose tolerance was preserved, our data also suggested the delayed appearance of a favourable beta cell phenotype, which was confirmed by studies in freshly isolated pancreatic islets. Glucose-or KCl-stimulated insulin secretion was not increased in islets from Prkce −/− mice compared with those from WT mice after 1 week of fat feeding, but was elevated after 16 weeks of the diet (Fig. 3b, c) . Prkce −/− mice therefore appear to be protected from the development of whole-body insulin resistance at an early stage of dietary lipid oversupply, while improved beta cell function compensates for the development of insulin resistance in the longer term, as we have previously reported [9] . In agreement, treatment of WT mice with a PKCε translocation inhibitor peptide in the first week of fat feeding reduced the insulin profile during the ipGTT (ESM Fig. 1b, c) , whereas treatment at 10 weeks, while subtly improving glucose tolerance, did so while promoting the insulin response (ESM Fig. 1d , e). Although the effects of the inhibitor were less striking than those of Prkce deletion, they were qualitatively similar in terms of the progression of the phenotypes.
Insulin action in muscle and liver of Prkce −/− mice fed a high-fat diet for 1week To determine whether deletion of Prkce promotes insulin action in peripheral tissues after 1 week of fat feeding, we measured glucose uptake after a bolus of insulin using 2-deoxy[ 3 H]glucose. While we were able to observe a defect in the insulin-stimulated uptake of glucose into quadriceps muscle in preliminary experiments using mice fed a high-fat diet for 3 weeks (ESM Fig. 2a ), no alterations in glucose uptake into muscle or white adipose tissue were observed in fat-fed Prkce −/− mice compared with WT mice at 1 week (ESM Fig. 2b, c) , suggesting a site of action for PKCε in liver rather than muscle or fat. This was supported by the improved pyruvate tolerance observed in both chow-and fat-fed Prkce −/− mice compared with WT control mice (ESM Fig. 2d , e), consistent with an improvement in the suppression of hepatic gluconeogenesis in these animals. We also measured the insulin-stimulated phosphorylation of the insulin receptor, IRS1, the serine/threonine protein kinase Akt and extracellular signal-regulated kinase (ERK) in vivo, to examine whether the initial improvement in glucose tolerance was related to changes in insulin signalling. In contrast to our findings in liver of mice fat-fed for 16 weeks [9] , no diet-induced defect was detected in the phosphorylation of insulin signalling components in either liver or skeletal muscle after 1 week; in addition, Prkce deletion did not enhance insulin signalling under any conditions (ESM Fig. 3 ). (Fig. 4a ). This was confirmed by measuring the content of different lipid species. Fat feeding caused a Fig. 2 Effects of Prkce deletion on glucose and insulin levels during long-term lipid oversupply. WT (n=9, squares) and Prkce −/− mice (n= 6, circles) were fat-fed for 16 weeks and ipGTTs (3 g/kg) were performed at 3 (a, d), 6 (b, e) and 16 (c, f) weeks. Blood glucose (a-c) and insulin levels (d-f) are shown. p<0.001 for effect of genotype on glucose and insulin levels at each time point (ANOVA) Fig. 1 Deletion of Prkce improves glucose tolerance and insulin homeostasis after 1 week of high-fat feeding. a Blood glucose levels during ipGTT (2 g/kg) of WT (chow, ) markedly larger increase in hepatic triacylglycerol levels in Prkce −/− mice compared with WT mice at 1 week (approximately fourfold vs 1.3-fold; Fig. 4b ), which was accompanied by elevated levels of diacylglycerols ( Fig. 4c) and cholesterol (Fig. 4d ). NEFA levels were not different between the genotypes (Fig. 4e ), but significantly elevated by fat feeding in plasma. Importantly, hepatic triacylglycerol levels were further elevated after 16 weeks of fat feeding, by which time there was no difference between WT and Prkce −/− mice (Fig. 4f) . In contrast, the accumu- lation of triacylglycerol in skeletal muscle induced by fat feeding was unaffected by Prkce deletion at either time point (Fig. 4g, h ).
Altered hepatic lipid metabolism in Prkce
Effects of Prkce deletion on energy expenditure and mitochondrial activity in fat-fed mice To determine why acute hepatic lipid accumulation was exacerbated in Prkce −/− mice, we first carried out in vivo metabolic assessments. No significant differences in food intake or body weight were observed between WT and Prkce −/− mice after 1 week of fat diet feeding (ESM Fig. 4a, b) . Indirect calorimetry indicated that fat-fed WT and Prkce −/− mice each had a lower respiratory exchange ratio than chow-fed animals, especially during the dark phase (Fig. 5a, ESM Fig. 4c) , indicating a similarly increased use of fat rather than carbohydrate as oxidative fuel. However, while Á V O 2 was higher in fat-fed WT mice when compared with chow-fed controls, indicating increased energy expenditure, this increase was significantly diminished in fat-fed Prkce −/− mice (Fig. 5b, ESM Fig. 4d ). In agreement, we also observed elevated oxygen consumption in mitochondria isolated from livers of fat-fed WT mice when compared with livers from chow-fed control mice (Fig. 5c) , whereas mitochondria from fat-fed Prkce −/− mice did not exhibit this increase. However, significant genotype-dependent differences in the activity of the individual mitochondrial complexes I-IV (ESM Fig. 5a-d) , ATP synthase (ESM Fig. 5e ) or citrate synthase (ESM Fig. 5f ) were not observed. There was also no corresponding difference in the abundances of several marker proteins of the mitochondrial complexes, in the activity of β-hydroxyacyl-CoA dehydrogenase and medium-chain acyl-CoA dehydrogenase, or in ketone body synthesis (ESM Fig. 5g-j) . Therefore, while Prkce deletion modulated in vivo respiration and the activity of intact mitochondria, this may not be explained by direct effects on the expression of the markers of respiration or β-oxidation we have measured. (Fig. 6a) . The accumulation of lipid esters was not explained by diminished secretion of lipid by Prkce −/− hepatocytes, as this was also elevated (Fig. 6b) .
Enhanced fatty acid esterification in Prkce
Furthermore, this accumulation was most likely due to posttranslational effects of PKCε, because the mRNA levels of acyl transferases and lipases, as well as key transcription factors regulating lipid metabolism (ESM Fig. 6a-c) Fig. 6d, e) .
Reduced generation of ROS may link the altered lipid metabolism with prevention of insulin resistance in Prkce
mice Taken together, our data indicate that a major effect of Prkce deletion upon short-term dietary lipid oversupply is to redirect hepatic fatty acid metabolism away from β-oxidation towards esterification, which correlates with the transient protection from insulin resistance. To determine whether lipid repartitioning may reduce harmful effects of lipid oxidation, we first examined if signalling enzymes, already well established in the generation of insulin resistance, were affected. We did not observe alterations in the phosphorylation of the inflammatory mediators c-Jun N-terminal kinase (JNK) and IκB kinase beta (IKKβ) in fat-fed Prkce −/− mice (ESM Fig. 7a, b) . The cytosolic and membrane-associated levels of PKC isoforms were also unchanged, arguing against a difference in their activation (ESM Fig. 7c-g ). Finally, we measured the production of ROS in primary hepatocytes, because these have been linked to insulin resistance [21] and are generated by mitochondria during β-oxidation and oxidative phosphorylation [22] . The production of ROS was reduced in Prkce −/− hepatocytes incubated in the presence of palmitate (Fig. 6c, d) , consistent with the diminished mitochondrial oxygen consumption and energy expenditure in mice observed in the absence of the kinase (Fig. 5) , and providing a potential explanation for the delayed insulin resistance of fat-fed Prkce −/− mice.
Discussion
We have demonstrated that PKCε plays a temporally dependent role in the development of insulin resistance. Prkce −/− mice fed a high-fat diet for 1-16 weeks exhibited protection against glucose intolerance when compared with fat-fed WT animals, which was associated initially with lower insulin levels, consistent with the preservation of insulin sensitivity. At the same time, fatty acid esterification was promoted in the liver, at the expense of β-oxidation, resulting in accumulation of triacylglycerol. While glucose tolerance remained enhanced at 16 weeks, insulin levels were elevated above those observed in WT mice, most likely compensating for the development of insulin resistance in Prkce −/− mice, in agreement with the augmentation of insulin secretion as previously observed using isolated pancreatic islets chronically treated with fatty acid [9] . By 16 weeks in the present study, hepatic lipid accumulation was equivalently increased in the presence or absence of PKCε. The delineation of this novel progression helps to reconcile the findings reported for the ablation of PKCε in acute [8] and longer term [9] models of lipid excess, and provides mechanistic insights into the role of the kinase in glucose homeostasis, as discussed below. Although PKCε activation has been implicated in the generation of skeletal muscle insulin resistance [2, 3, 23] , the lack of glucose intolerance we observed in Prkce −/− mice after 1 week of fat feeding is unlikely to be due to effects on glucose disposal in this tissue, because there was no difference in glucose uptake into quadriceps muscle from WT and Prkce −/− mice in vivo. The liver is therefore the most likely site of PKCε action, as previously suggested [6] [7] [8] [9] 24] , and we therefore focused our investigation on this tissue. The association of enhanced insulin action with increased lipid levels in liver argues against a role here for the accumulation of inhibitory lipid mediators in the generation of insulin resistance, which has been suggested to occur upon mitochondrial dysfunction and a reduction in fatty acid catabolism [25] . Several studies now indicate that increased levels of triacylglycerol and diacylglycerol are not always associated with insulin resistance [26] [27] [28] . On the one hand, this may reflect the presence of distinct pools of lipids with differing ability to affect insulin action [27] . On the other hand, the shunting of fatty acid towards esterification may provide a protective mechanism against the detrimental effects of lipid overload and elevated β-oxidation [29] [30] [31] [32] . This may prevent the build-up of ROS or products of incomplete β-oxidation, such as specific acylcarnitine esters, which have been linked to insulin resistance [33, 34] . A reduction in β-oxidation in association with improved insulin sensitivity has been described predominantly in muscle [31, 34] and is in direct contrast to other findings indicating a positive role for β-oxidation [35] [36] [37] . However, we now suggest the reduction we have observed may be beneficial in the liver under conditions of short-term lipid oversupply, especially as we observed a decrease in ROS generation in lipid-treated Prkce −/− hepatocytes. The repartitioning of fatty acids towards esterification in livers of Prkce −/− mice fat-fed for 1 week may therefore be sufficient to explain the protection of glucose tolerance in these animals.
We did not observe PKCε-dependent alterations in insulin signal transduction at this time, in contrast to the results of a study employing short-term Prkce knockdown in vivo [8] . It is possible that any subtle diet-and genotypedependent effects present after 1 week cannot be detected upon the injection of a bolus of maximal insulin, as we used here. Our results are, however, in agreement with previous work showing that defects in proximal insulin signalling are only observed after several weeks of high-fat feeding and may not be the initial cause of insulin resistance, which may lie downstream of Akt [38] . We have been able to demonstrate diet-induced inhibition of insulin signalling in the liver after 16 weeks of fat feeding [9] , but this was not reversed by Prkce deletion, suggesting that PKCε-independent mechanisms are more important in the maintenance of insulin resistance in the longer term.
The PKC family has previously been linked to fatty acid metabolism. Other PKC isoforms, such as PKCδ [39] , PKCζ [40] and PKCλ [41] , have been implicated in lipid synthesis mediated by the transcription factor SREBP1c. Interestingly, PKCδ deletion improves insulin action in the longer term, in association with diminished hepatic lipogenesis and triacylglycerol content [39] , in direct contrast to the effects we now describe for Prkce deletion, further supporting a progression of mechanisms contributing to insulin resistance. In addition, mRNA expression of Srebf1 and other key regulators of lipid and mitochondrial metabolism, such as Nr1h3, and Pparga were unaltered in livers from Prkce −/− mice, suggesting a post-transcriptional role of PKCε. However, PKCε also appears to act independently of the regulation of lipid partitioning by AMP-dependent protein kinase (AMPK), which modulates acetyl-CoA carboxylase (ACC) activity and malonyl-CoA production to promote fatty acid uptake into mitochondria via carnitine palmitoyltransferase 1 (CPT1) [42] . No differences in the total levels or phosphorylation state of AMPK, ACC or CPT1 were observed in the liver of Prkce −/− mice under any conditions (data not shown). The increased energy expenditure we have observed in fat-fed WT mice measured by indirect calorimetry has been reported in other studies [43, 44] . This increase was not observed in Prkce −/− mice after 1 week of fat feeding, which is in agreement with the increased hepatic lipid accumulation in these animals at this time. Although total food intake and body weight were not significantly affected, this may be due to the small magnitude of any changes occurring in this period. No differences in weight were observed after 16 weeks of fat feeding, but by this time hepatic lipid content was equally elevated in WT and Prkce −/− mice. Isolated mitochondria from livers of shortterm fat-fed Prkce −/− mice also exhibited a lower respiration rate compared with those from fat-fed WT mice. Because this was measured independently of fatty acid availability, this may indicate a direct site of PKCε action, although we did not detect changes in protein content or activity of individual mitochondrial components. Further studies are required to determine the substrate(s) phosphorylated by PKCε to induce its effects on lipid metabolism and energy expenditure. However, taken together, our data suggest that PKCε is involved in the early adaptation to increased dietary fat supply, promoting fat oxidation to preserve energy balance. The effects of Prkce deletion on hepatic lipid metabolism presented here are remarkably similar to those we have recently described for Prkce ablation in pancreatic islets [45] . Islets from Prkce −/− mice exhibited diminished fatty acid oxidation and enhanced esterification, which promoted the amplification pathway of glucose-stimulated insulin secretion [45] . This mechanism accounts in part for the improved insulin response during the glucose tolerance test observed in Prkce −/− mice fat-fed for 16 weeks [9] . It is therefore tempting to speculate that the mechanisms of action of PKCε regulating lipid metabolism in liver and in beta cells are closely related and may involve identical protein targets. In each case, the outcome of Prkce ablation is associated with improved glucose homeostasis, through either protection of insulin action or compensation for insulin resistance by enhanced insulin availability. Whichever mechanism is predominant at any given stage during disease progression, PKCε would therefore represent a key target for the treatment of insulin resistance. Importantly, inhibition of PKCε is unlikely to exacerbate hepatic lipid accumulation in the longer term as this effect appears to be a transient function of fat oversupply. We speculate that kinase normally promotes hepatic oxidation of excess lipid in the short term, which transiently but significantly contributes to insulin resistance. In the longer term, with increased fat accumulation, this hepatic effect of the kinase may be overwhelmed, and the major causes of insulin resistance also become PKCε independent.
In conclusion, we have demonstrated that the effect of Prkce deletion is exerted at different sites over the course of feeding a long-term high-fat diet, which can be recapitulated through treatment with a PKCε-inhibitory peptide. In both liver and beta cells the underlying mechanism may involve changes in lipid partitioning. It appears that absence of the kinase protects against lipid-induced insulin resistance in an acute fashion, most likely by reducing acute detrimental effects of increased hepatic β-oxidation, such as the release of ROS. In the longer term, Prkce ablation promotes glucose-stimulated insulin secretion by beta cells, promoting an enhanced response to blood glucose elevations in the face of insulin resistance. We have therefore reconciled recent studies reporting distinct effects of Prkce ablation, and reinforce the importance of this enzyme as a site of therapeutic intervention upon impaired glucose homeostasis.
